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Introduction
Re ning process generates wastewater (0.4-1.6 times the volume of the crude oil processed) [1] . Petroleum Re nery Wastewater (PRW) contains water-soluble hydrocarbons including phenol, benzene, xylenes, and other pollutants that are carcinogenic [2] . In the recent years, many e orts have been done for treating PRW. PRW has two aqueous and oily phases. Oily phase is separated by physical methods. The main output of the physical process is aqueous phase that contains suspended oil and also solid particles. Then, during the second treatment stage, the suspended particles are separated by coagulation. The output of this stage is a homogenous aqueous phase containing water dissolved hydrocarbons, which cannot be separated by physical methods. Biological approaches are traditional methods to treat this wastewater [3] [4] [5] [6] . Biological process utilizes microorganisms to oxidize organic matter to simple products (CO 2 , H 2 O, and CH 4 ) [7] .
In the recent years, advanced oxidation methods have been developed for PRW treatment such as photocatalytic and photo-Fenton methods [8] [9] that are based on direct oxidation of water dissolved hydrocarbons. All of the mentioned methods, however, require catalyst, large amount of oxidant, and high energy consumption. PRW treatment by microbial fuel cell as an indirect oxidation method can be considered as a cost e ective method not only because of low energy demands but also due to its power output to supply energy for treatment unit [10] . Various wastewater treatments including municipal wastewater, dairy wastewater, beer factory wastewater, etc. have been investigated using MFC [11] [12] [13] [14] . Previous studies about PRW treatment in MFC are restricted to oil phase, which is insoluble in water and can be easily separated by physical methods [15] [16] [17] .
However, degradation of hydrocarbons soluble in PRW using two-chamber MFC has not been investigated. Certainly, elimination of water dissolved hydrocarbons (such as pure phenol) in microbial fuel cell has been performed [18] .
In the present paper, a two-chamber microbial fuel cell was applied to treat Isfahan petroleum re nery wastewater. In the MFC, dissolved petroleum hydrocarbons are degraded by anaerobic microorganisms at the anode chamber. As a result of degradation process, electrons travel through external resistance and protons pass through proton exchange membrane. The corresponding protons migrate to the cathodic chamber. At the cathode, an electron acceptor is reduced by the electrons via the circuit and the protons via the membrane [19] . In this study, oxygen and potassium permanganate were used as cathodic electron acceptors and their relevant results were compared. Then, e ects of temperature and external resistance on treatment of PRW were investigated. Finally, an electrochemical model was tted on empirical polarization curves to evaluate activation, ohmic, and mass transfer losses in the air cathode MFC and MFC with permanganate oxidant.
Materials and methods

Fuel cell con guration
A dual-chamber fuel cell was used in the present paper. Cathode and anode chambers were constructed cubically using plexiglass with the volume of 350 ml. A 30 cm 2 proton exchange membrane was embedded between two chambers. Non-catalyzed carbon cloths (E-TEK, USA, 10 cm 2 ) were used as electrodes for both cathode and anode. The distance between anode and cathode electrodes was constant in all experiments (2 cm). Copper wires were used for contact with electrodes after sealing the contact area with epoxy' material. A magnetic mixer (100 rpm) was exerted under anode chamber to prevent concentration polarization. In addition, to prevent concentration polarization in the cathode chamber, catholyte was recycled between the cathode chamber and external resource by a peristaltic pump. When oxygen was used as reducing factor, phosphate bu er (100 mM, pH = 7) along with aeration was used as catholyte. When potassium permanganate was applied as a reducing factor, 0.2 g/L of potassium permanganate in phosphate bu er (100 mM, pH = 7) was pumped to the cathode chamber. The automatic voltage recorder was embedded parallel to external resistance in circuit to record voltage. NAPHION 117 was used as proton exchange membrane. Preparation stages were carried out before using the above proton exchange membrane [20] . Water bath containing MFC was xed at the considered temperature by control system.
Inoculation and wastewater characteristics
Anaerobic activated sludge, containing a signi cant amount of electrogenic bacteria [21] , collected from anaerobic treatment rectors of Isfahan Re nery Company was used as microorganism and enriched for approximately 2 months (start-up period). MFC performance is signi cantly a ected by structure and morphology of the bio lm grown during the start-up period on the anode surface. The bio lm established on the anode surface under relatively low external resistance contains more active biomass than that under high resistance [22] . Thus, external resistance of 500 was selected during the start-up of the MFC. Characterization of the bio lm on the anode surface of a diesel-degrading MFC showed that the majority of the bacteria were facultative -proteobacteria such as Citrobacter sp., Stenotrophomonas sp., and Pseudomonas sp. [16] . Furthermore, diluted PRW obtained from Isfahan Re nery was used as substrate for microorganisms. This substrate, in fact, is a diluted wastewater passing through elementary and secondary pretreatment stages and is a homogenous wastewater with COD = 213.9 mg/L, pH = 7, and Turbidity = 82 NTU.
Measurement of chemical oxygen demand
Chemical oxygen demand is the main characteristic of any wastewater, evaluated as index of MFC performance. In the present research, APHA standard method was used to measure COD [23] .
2.4. Calculations 2.4.1. Current intensity and power Current intensity and power are the most important parameters that should be measured. Current intensity was evaluated by using Ohm law:
where V and R denote, respectively, potential di erence and external resistance. In addition, power was obtained using the following equation:
Power density (W/m 2 ) and current density (A/m 2 ) are calculated by dividing power and current intensity to the anodic surface area (m 2 ).
Columbic e ciency
Columbic e ciency is de ned as the ratio between the charge transported to anode and maximum charge, which might be obtained from total substrate degra-dation. This parameter is evaluated as follows [24] :
where I is the electrical current intensity, F the Faraday's constant, V An the anaerobic chamber volume, and (COD) the overall removal of substrate during t b .
3. Results 3.1. MFC performance using oxygen electron acceptor
Firstly, temperature of the water bath was xed at 33 C and 50 ml of anaerobic activated sludge and 300 ml of PRW were injected to MFC. Immediately after wastewater injection to anode chamber, voltage reached 44 mV with external resistance of 200 . This abrupt rise to the peak voltage is attributed to existence of bio lm grown during the start-up period on the anode surface [22] . Furthermore, response of MFC to wastewater injection at low external resistances is faster than that at high external resistance [25] . Then, voltage began to decrease so that it reached 18 mV after 25 h. This voltage reduction was due to decrease of the substrate concentration available for microorganisms. After that, we turned o magnetic mixer under anode chamber and waited for an hour until suspended sludge settled. The main purpose was to use active microorganism in the next stage. Then, 300 ml of wastewater was replaced with fresh wastewater, which is shown in Figure 1 with the rst arrow. After injection, voltage immediately increased to 55 mV. After some hours of halting, it was reduced to 20 mV during 44 h (Figure 1) . Then, the temperature of water bath containing MFC was xed at 24 C and fresh wastewater was replaced again. As MFC was reinjected at ambient temperature (24 C), voltage immediately increased to 37 mV and after some hours of halting, it began to decrease. In fact, reduction of maximum voltage with decreasing temperature is due to reduction in activity of the microorganism and reduction potential of the cathode [26] .
Using potassium permanganate as cathodic electron acceptor
The temperature of water bath was xed at 33 C. 300 ml of fresh wastewater was added into anode chamber and 0.2 g/L of potassium permanganate solution was pumped into the cathode chamber from an external source and vice versa to prevent polarization in the cathode chamber. Initial voltage of MFC was 420 mV. After some hours, voltage began to decrease. 2 shows that slope of voltage variations using potassium permanganate as electron acceptor is more than another one. The reason is that higher current is generated using permanganate and much substrate degrades. With regard to Figure 2 , it is clear that after 44 h, cell voltage decreased to 72 mV. Then, we turned o magnetic mixer under anode chamber and waited for an hour until suspended sludge settled. Then, the temperature of water bath was xed at 24 C and fresh wastewater was added again, which is shown in Figure 2 with arrow. Initial voltage at 24 C was 259 mV and it reached 83 mV after 44 h.
COD Removal
COD is amount of required oxygen to convert total organic matter present in wastewater into carbon dioxide and water. Treatment process reduces COD. Figures 3  and 4 show, respectively, COD removal of PRW versus time using oxygen and potassium permanganate as cathodic electron acceptors, with 200 of external resistance at temperatures of 24 C and 33 C.
As can be seen in Figures 3 and 4 , COD removal e ciencies were 49.27% and 78.26% at 33 C during 44 h in the presence of oxygen and potassium perman- ganate, respectively. Also, COD removal e ciencies were 44.08% and 65.54% at 24 C during 44 h in the presence of oxygen and potassium permanganate, respectively.
Columbic e ciency
Using Eq. (3), the values of Columbic E ciency (C E ) with 200 of external resistance were 6.05% and 4.77% during 44 h in the presence of oxygen at 33 C and 24 C, respectively. Also, the values of C E were 25.4% and 20.175% during 44 h using potassium permanganate at 33 C and 24 C, respectively. Thus, it is obvious that using permanganate as electron acceptor has more advantages than oxygen, such as higher values of removal COD and C E . As pointed earlier, the reason is that the rate of oxidation of wastewater by microorganisms is higher due to e ective e discharge and higher current generation using permanganate as electron acceptor [27] .
E ect of external resistance variation on treatment of PRW
To investigate e ect of external resistance variation on PRW degradation, the MFC with 3000 of resistance was started up in the presence of oxygen and permanganate, separately, by injection of fresh wastewater. Maximum generated currents during 44 h As shown in Figure 5 , COD removal e ciencies are almost equal for two resistances, although maximum generated current with 3000 is 3.22 times higher than another, because columbic e ciency is low using oxygen as electron acceptor. In fact, the MFC has negligible e ect on treatment of PRW. Figure 6 shows that COD removal e ciencies are equal to 57.12% and 78.26% after 44 h for 3000 and 200 , respectively. The di erence between these two values is high in contrast to that in aerated cathode MFC, because when permanganate is used as electron acceptor, the value of C E is higher.
Polarization behavior
To plot polarization and power density curves, it is necessary to calculate output current intensity and power density (using Eqs. (1) and (2)) over a range of 50-5000 for the external resistance. Polarization and power density curves of aerated cathode MFC at the temperatures of 24 C and 33 C have been illustrated in Figure 7 .
As shown in Figure 7 , when external resistance decreases, the MFC voltage is reduced and current density increases. MFC internal resistance (that is determined by maximum point of power density curve where external resistance is equal to internal resistance [25] ) is equal to 1300 and 2000 at 33 C and 24 C, respectively. Also, maximum power densities at 33 C and 24 C are 0.03 W/m 2 and 0.02 W/m 2 , respectively. Thus, it can be concluded that temperature reduction increases cell internal resistance and decreases power output. Internal resistance of the MFC is a result of activation losses due to reaction kinetics that take place on the cathode and the anode, ohmic losses due to ionic and electronic resistances, and concentration losses due to mass transport limitations [28] .
Since power generation using aerated cathode MFC was low, potassium permanganate as e ective cathodic electron acceptor was used. Permanganate redox potential is a function of its concentration in cathode chamber and pH. By using Nernst equation and theoretical potential (E 0 ) of 1.51 V at 33 C, potential of cathode can be described as follows [29] : In practice, increasing the permanganate concentration increases the electrolyte conductivity and decreases ohmic and activation losses that increase power of MFC. Also, manganese dioxide is the main product of redox reaction and its sediment on cathode limits electron transfer and MFC performance. This means that MFC should be operated at relatively low permanganate concentration [29] . Figure 8 shows polarization and power density curves at concentrations of 0.033, 0.066, 0.133, and 0.2 g/L for potassium permanganate and the results are compared with aerated cathode MFC data (at 33 C). As can be seen in Figure 8 , at 0.2 g/L, the value of power variation is negligible that alludes to ample concentration of permanganate. Maximum power density using 0.2 g/L of permanganate is 0.95 W/m 2 , while it equals 0.03 W/m 2 for aerated cathode MFC. Also, relevant internal resistance equals 500 that is less than that in aerated cathode MFC (1300 ). Figure 9 shows e ects of variation of permanganate concentration on the current density for different values of external resistance. With regard to this gure, it can be seen that e ect of permanganate concentration is more for lower values of external resistance. Thus, to product much current from cell and better wastewater treatment, it is essential to use MFC with low external resistance.
Modelling of polarization curves
The maximum electromotive force generated from an MFC can be predicted thermodynamically by the Nernst equation:
where E 0 is the standard cell electromotive force, R = 8:314 J/mol.K the gas constant, T the temperature (K), n the number of transferred electrons (dimensionless), F the Faraday's constant (96485 c/mol), and Q the ratio of activities of the products divided by reactants raised to their respective stoichiometric coe cients [28] .
In practice, due to irreversible losses, the actual output voltage is less than the one resulted from the ideal equation. The signi cant losses that a ect MFC operation are activation loss, ohmic loss, and mass transfer loss that take place in both the anode and cathode. The operational voltage output as a function of current density can be calculated as follows [30] :
act is activation loss due to activation energy reactions and is limited in rapid voltage drop as current ows the circuit (at high external resistance); ohmic is ohmic loss that is consequence of ionic and electronic resistance, is proportional to the ohmic resistance of the system and current density, and corresponds to the linear region of polarization curve (middle current). Ohmic loss is a function of electrolyte conductivity and membrane permeability; conc is concentration or mass transfer loss that decreases when ux of reactants to electrod increases and accumulation of products decreases and it is most apparent in high current density (low external resistance); Open Circuit Voltage (OCV) is determined empirically at in nite external resistance; and S is the cross sectional area of cathode. Eq. (6) can be used to t a nonlinear model on experimental polarization curve by nonlinear newton raphson method. Then, values of parameters (a act , b act , C, and i L ) and regression coe cient (r) are calculated. For example, the result of tting Eq. (6) on empirical polarization curve of air cathode at 24 C is shown in Figure 10 .
The values of parameters in Eq. (6) for oxygen and permanganate as oxidants at 33 C and 24 C are presented in Table 1 . Using these parameters, values of di erent losses are separately predictable. Figure 11 shows variations of di erent losses as functions of current density using oxygen (33 C, 24 C) and permanganate (0.2 g/L, 33 C) in the cathode of MFC.
As can be seen in Figure 11 , the values of losses increase with current density. Also, e ects of activation loss and concentration loss (mass transfer loss) are apparent in low and high values of current density, respectively. Figure 11(a) shows that activation loss has more contribution than other losses. This is due to reduction of oxygen without utilization of ptcatalyst in cathode chamber. As shown in Figure 11 e ective, which is the consequence of abatement of electrochemical reaction rate and mass transfer coe cient in the anode and cathode chambers. With regard to Figure 11 (a) and (c), contribution of activation loss for oxygen as oxidant is more than permanganate. This is due to high redox potential of permanganate in comparison to oxygen.
Conclusions
In this paper, we investigated treatment of petroleum wastewater of Isfahan Re nery (COD = 213.9 mg/L, pH = 7) in a two-chamber microbial fuel cell having 350 mL of anode and cathode capacity. Oxygen and potassium permanganate were used as cathodic electron acceptors. Also, the e ects of variations of temperature and external resistance on the treatment of PRW were investigated. The most important conclusions of this paper are as follows:
-High current is generated using permanganate and much substrate degrades due to both its higher recovery potential and its independency of catalyst in comparison to oxygen; -Reduction in the output power with decreasing temperature is due to reduction in activity of the microorganism and cathode reducing potential; -To increase the values of columbic e ciency and wastewater treatment, it is essential to use MFC with low external resistance; -Optimized concentration of permanganate to generate power equals 0.2 g/L and its relevant internal resistance equals 500 that is lower than that of aerated cathode MFC (1300 ); -By using permanganate as electron acceptor, maximum power density was 0.95W/m 2 and COD removal e ciency reached 78%; -Two-chamber MFC with low columbic e ciency was used in this paper. To increase the values of C E and PRW treatment, microbial fuel cells in optimized structures, like one-chamber MFC, can be used.
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